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Linearly tapered discharge capillary waveguides as a medium
for a laser plasma wakefield accelerator
S. Abuazoum, S. M. Wiggins,a) B. Ersfeld, K. Hart, G. Vieux, X. Yang, G. H. Welsh,
R. C. Issac, M. P. Reijnders,b) D. R. Jones, and D. A. Jaroszynskic)
Scottish Universities Physics Alliance, Department of Physics, University of Strathclyde, Glasgow G4 0NG,
United Kingdom
(Received 16 September 2011; accepted 13 December 2011; published online 4 January 2012)
Gas-filled capillary discharge waveguides are commonly used as media for plasma wakefield
accelerators. We show that effective waveguides can be manufactured using a femtosecond laser
micromachining technique to produce a linearly tapered plasma density, which enables the energy
of the accelerator to be enhanced significantly. A laser guiding efficiency in excess of 82% at
sub-relativistic intensities has been demonstrated in a 40mm long capillary with a diameter
tapering from 320 lm to 270 lm, which gives rise to an on-axis, time-averaged plasma density
that varies from 1.0 1018 cm3 to 1.6 1018 cm3. VC 2012 American Institute of Physics.
[doi:10.1063/1.3674309]
The laser-plasma wakefield accelerator (LWFA) has
huge potential as an ultra-compact source of high energy par-
ticle beams and ultra-short duration radiation pulses.1 To
achieve acceleration, a high intensity, femtosecond duration
laser pulse is transported through underdense plasma such
that a plasma density wake is produced by the ponderomo-
tive force of the laser. Electrons are accelerated by the huge
electrostatic fields of the wake, which can reach more than
1 TV/m at high densities. High peak current electron
bunches with energies of 0.1-1GeV have been produced
recently in mm- and cm-scale gas jets,2 gas cells, and capil-
lary discharge waveguides (CDWs).3,4 A gas-filled CDW is
typically 200-300 lm in diameter and 20-40mm in length
and is driven by a high voltage electrical discharge, which
pre-ionizes gas in the channel to produce plasma with a den-
sity 1017-1018 cm3 prior to the arrival of the laser pulse.5
A parabolic radial plasma density profile is formed by
plasma cooling against the wall of the capillary. The radial
variation of the refractive index forms a waveguide that ena-
bles the laser pulse to be guided over many Rayleigh lengths,
making them very attractive for applications that require a
long interaction region. To date, all LWFA experiments per-
formed with CDWs have used straight capillaries with a uni-
form longitudinal plasma density.
The maximum electron energy of a LWFA is deter-
mined by dephasing, which also sets the maximum length of
the accelerator. The dephasing length, Ld, is the maximum
distance over which electrons can be accelerated before they
reach the decelerating region of the wake (dephasing point).
For a uniform plasma density, Ld  kpc2g where kp¼ (2pc/
xp) is the relativistic plasma wavelength, cg ¼ kp=k0 is the
Lorentz factor associated with the group velocity of the
wake, c is the speed of light in vacuum, xp¼ (e2n/k0m0)1/2 is
the plasma frequency, k0 is the laser wavelength, n is the
plasma density, 0 is the permittivity of free space, and e and
m0 are the electron charge and rest mass, respectively.
6 With
uniform density along, for example, a straight capillary,
higher energies can simply be achieved by lowering the
overall density since this increases both kp and Ld, i.e., Ld
scales inversely with n. At any given density, however, the
energy can be enhanced by introducing a positive density
taper (increasing along the accelerator) such that kp
decreases as the laser, wake, and electrons propagate.7,8 The
wake now contracts in size during acceleration which has
the effect of continually advancing the dephasing point.
Therefore, the electrons are maintained in the accelerating
region of the wake over a longer distance and, consequently,
both Ld and the maximum electron energy achievable are
increased. These parameters, in the tapered case, scale as
n(z)0/n0 where n(z)0 is the rate of change of density along lon-
gitudinal coordinate z and n0 is the entrance density. A recent
analytical study9 investigated the enhancement of the energy
both for an ideal non-linear taper and a linear taper, noting
that the latter could be realizable experimentally. The study
reported that although a linear taper is not optimal, it can still
increase the final energy by a factor of 3 compared with
that of a uniform plasma channel (neglecting laser energy
depletion). Tapered CDWs, therefore, have the capacity to
increase the maximum electron energy achievable for both
10-100 TW and larger petawatt-scale laser systems and a
lower power, high repetition laser could furthermore be used
for LWFA-driven undulator radiation sources.
Ablative plastic plasma channels have previously been
produced with a linear taper.10 However, guiding has only
been demonstrated in untapered versions.11 In this letter, we
present realization of a linearly tapered gas-filled CDW that
is manufactured using a femtosecond laser micromachining
technique.12 These waveguides, machined from sapphire or
alumina, have the advantage of being extremely robust,
which is one reason why they are routinely applied in LWFA
schemes employing 100 TW-scale laser pulses.3,4 By micro-
machining a taper in the capillary cross-section, a tapered
longitudinal plasma density profile can be produced. This is
confirmed by measurement of the transverse plasma density
profiles at both ends of the waveguide and efficient guiding
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of low intensity (1012W/cm2), ultra-short duration (50 fs)
laser pulses is demonstrated.
Femtosecond laser micromachining has become a stand-
ard method of producing CDWs.13 The method of producing
both straight and linearly tapered capillaries is presented
elsewhere.12 Optical microscope images of the alumina
CDW reported here confirm that a smooth longitudinal taper
in the cross-section has been produced. The diameter of the
hole reduces from (3206 5) lm to (2706 4) lm over the
L¼ 40mm length resulting in the cross-sectional area reduc-
ing by a factor of 1.406 0.04. To experimentally study
plasma formation and laser guiding, hydrogen gas is injected
at a backing pressure of (506 3) mbar and nearly fully ion-
ized by a 22 kV, 1 ls voltage pulse from a pulsed power sup-
ply based on solid-state switching and transmission-line
transformer.14 An imaging system coupled to an optical
spectrometer (with 1.4 nm resolution and a 5lm entrance
slit) is used to measure the spectra of Stark-broadened hydro-
gen Balmer line emission15 from the background gas neutral
atoms. This enables a spatially resolved measurement of the
plasma density to be made at the capillary exit and entrance
planes. A second imaging system is used to image the laser
profile and measure the energy at the capillary entrance and
exit planes, respectively. This also allows the spatial profile
or mode structure of the laser pulse transmitted through the
waveguide to be determined.
Examples of the transverse plasma density profiles at
both ends of the capillary are shown in Fig. 1. Both show the
characteristic parabolic shape of the CDW density centered
on-axis with the density dropping off close to the walls10,16
and verifies that the density is higher at the narrower end of
the capillary. The mean time-averaged on-axis values are
(1.06 0.1) 1018 cm3 and (1.66 0.1) 1018 cm3 for the
wide and narrow ends, respectively. The peak values are
expected to be approximately double this density. Hence,
there is reasonable agreement between the entrance-to-exit
density ratio (1.66 0.3) and the corresponding capillary
cross-sectional area ratio (1.406 0.04), which indicates that
the density gradient may be determined mainly by the cross-
sectional area gradient (assuming a smooth density gradient
along the tapered capillary). Correspondence between cross-
section and density would be an important indicator that
optimal linearly tapered CDWs, according to the desired
LWFA experimental conditions, can be tailor-made with the
femtosecond laser micromachining technique.
The transmitted laser pulse mode profile is shown in
Fig. 2 for different delays from the onset of the current pulse.
When the laser pulse arrives early or late with respect to the
peak of the current discharge pulse, the output beam profile
is grossly distorted (even though the measured transmission
is high) indicating poor guiding and the excitation of trans-
verse modes. At optimal synchronization between the laser
and current pulse (over a 300 ns time range around the
maximum current), a single Gaussian profile is evident and
the transmission peaks at (79%6 6%). Energy loss is domi-
nated by inverse bremsstrahlung absorption,17 which is pre-
dicted to be 20% for a plasma temperature of 5 eV.18
This is close to our measured time-averaged on-axis plasma
temperature of 3-4 eV obtained by taking the amplitude ra-
tio of the Ha and Hb Balmer line peaks of the collisionally
broadened spectra.15
The entrance laser waist (radius at 1/e2) is 89 lm [Fig.
2(b)], more than double the matched waist, wM(z¼ 0),
41 lm at the capillary entrance for a peak density of
2 1018 cm3, which leads to an exit beam of around half
this waist size [inset of Fig. 2(a)]. As shown in Fig. 3, high
quality guiding with a Gaussian output profile with up to
(82%6 8%) energy transmission is found for input beam
waists in the range 50-100 lm, i.e., waists larger than the
matched entrance waist, and the exit waist is relatively insen-
sitive to the entrance waist over a wide range of beam waists.
This shows that “breathing” of the beam in the capillary, or
oscillation of the laser spot diameter in the capillary, due to
mismatch does not lead to significant loss.
The evolution of a Gaussian laser beam of waist w prop-
agating along the z-axis in a tapered parabolic channel can
be written as k0w00(z)¼ 1/w3  w/wM4 where k0¼ 2p/k0 is
the laser wavenumber, wM(z)¼ 2[R(z)c/xp(z)]1/2 and R(z) is
the channel radius from Fig. 1. Four sets of solutions to this
equation for our capillary (with an entrance-to-exit density
ratio of 1.6) are also shown in Fig. 3 for different densities.
Excluding the extreme datum at small entrance waist where
guiding is poor, the measured exit waists are reproduced by
the model for a peak density increasing from (1.836 0.18)
to (2.936 0.29) 1018 cm3 where the dashed and short
dashed lines of Fig. 3 define the uncertainty range (610%)
for this agreement (consistent with experimental variations
FIG. 1. Transverse (horizontal) time-averaged plasma density profile at the
(a) narrow and (b) wide ends of the tapered CDW. The zero position denotes
the centre of the capillary and the curves are best-fit parabolas.
FIG. 2. (Color online) (a) Laser energy transmission (open circles) meas-
ured as a function of delay with respect to the onset of the current discharge
pulse (solid line). Inset are four corresponding laser pulse profiles measured
at the CDW exit plane. (b) shows the input laser pulse profile at the CDW
entrance plane.
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in laser/current pulse timing and gas backing pressure uncer-
tainty). Best-fit agreement with experiment, given by the
solid line of Fig. 3, occurs for an entrance peak density of
1.95 1018 cm3, in good agreement with the measured
time-averaged (peak/2) plasma density. Note the invariant
output waist predicted for an entrance peak density of
2.08 1018 cm3 (dotted line of Fig. 3) indicates that, at this
density, the beam waist always evolves to the matched exit
waist, wM(z¼L), 34lm. The model also provides agree-
ment with a single measurement of guiding conducted in the
reverse direction, i.e., from the narrow end to the wide end,
where the measured entrance and exit waists are 89lm and
47 lm, respectively, and the corresponding best-fit modeled
peak density decreases from 3.2 to 2.0 1018 cm3.
In conclusion, the experimental data, obtained at laser
intensity 1012W/cm2, show that guiding is suitable for a
LWFA driven by a laser intensity 1018W/cm2. Measure-
ments of the Stark-broadened Balmer line spectra confirm
the existence of a longitudinal plasma density gradient. The
energy transmission of 80% should increase to close to
100% at higher intensities3,19 where absorption due to
inverse bremsstrahlung heating is reduced. However, at rela-
tivistic intensities, the transmission typically drops to 60%-
70% for ultra-short duration laser pulses due to driving a
plasma wake.3,4,19 Femtosecond laser micromachining is an
excellent method for manufacturing linearly tapered CDWs
and, moreover, custom-made geometries (e.g., nonlinear
density variations, steps, etc.) appropriate for different appli-
cations can be readily implemented. This may be extended
to optimal non-linear tapering for the LWFA (Ref. 9) and
could also find application in the chirped pulse Raman
plasma amplifier.20
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FIG. 3. (Color online) Laser energy transmission (open circles) and mean
waist size of the output laser pulse at the CDW exit plane (closed circles)
measured as a function of input laser pulse waist at the CDW entrance plane.
Insets are four corresponding pairs of input and output laser pulse profiles.
Waist error bars represent the degree of the ellipticity in the exit beam. Four
model exit waist dependences are shown for entrance plasma densities of
(dashed line) 1.65 1018 cm3, (solid line) 1.95 1018 cm3, (short dashed
line) 2.01 1018 cm3, and (dotted line) 2.08 1018 cm3, respectively.
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